Introduction
At present, an efficient use of heat energy of houses is a vital issue. Thermal comfort in the room is no less important under growing demands of energy conservation. A compromise between these two requirements without harm to human health is the main challenge of energy efficiency experts.
Mathematical models of human thermal sensation under various ambient parameters are necessary to design heating systems and control their operation. In addition, providing comfortable conditions is a limiting factor under the growing requirements of energy conservation. There exists a great variety of human thermopsychological models; their design and development began in 1970 [1] . The main and wellknown are two models of human thermal sensation [2, 3] . Model [2] is a two-node human energy model that covers thermal sensation under transient environmental conditions. The international standard for determining thermal comfort is based on empirical model [3] , which allows taking into account the intensity of human activity, type of clothing, air velocity, relative humidity, room air temperature t a , and mean radiant temperature t r . Model [4] determines a winter relationship between t a and t r based on the intensity of human activity. Modern scholars consider a human being as a complex system consisting of 18 nodes [1] and create a neural model for controlling blood flow to the skin in order to provide and improve the human thermal comfort. An exergic approach consists in determining the minimum human body exergy consumption and is based on the energy model, which allows taking into account environmental and human factors. In addition, this model determines the minimum exergy destruction in the two-node human system and the necessary conditions for this minimum. Consideration of comfortable conditions in energy and exergy analyses of the energy performance of buildings is an important and insufficiently studied factor.
Analysis of the previous studies and formulation of the problem
Basic principles of viewing a building as a unified energy system are presented in [5] . It is suggested that in Ukraine design of energy efficient buildings should also be considered as optimization of interconnected balanced subsystems [6] . It is proposed that the selection of energy efficient means for the existing buildings should be based on devised algorithms. There are linear model based approaches [7] to the choice of investment projects that are aimed at reducing energy consumption of buildings; there also exist approaches based on the nonlinear energy function of marginal utility [8] and the fuzzy set theory [9] . At different stages of the building life cycle, researchers use complex approaches to its energy efficiency based on the heat source and the building envelope. An exergy approach that allows qualitative assessment of energy flows from various heat sources is a new tool in the comprehensive analysis. Qualitative assessment of energy flows in a complex building system is made in [10, 11] . This analysis pointed out segments of the system where exergy destruction is the highest. The combination of exergy analysis of the entire building and exergy analysis of the human body [12] allows reducing exergy consumption of the system and providing the building microclimate that would correspond to the highest human efficiency in terms of the second law of thermodynamics.
In the analysis and design of complex systems such as "heat source -building", there remains a problem of including a human being and mathematical models of thermal comfort in the design and construction of buildings with a high-quality microclimate that is provided by the systems of heating, ventilation and air-conditioning. A model of human thermal comfort was not taken into account in the earlier consideration of a building as a complex energy system [13] . Later on authors considered the effect of favorable conditions on the integrated cost of the system "heat source -building envelope" [14] , although they viewed Bogoslovsky's model (that indicates a general range of conditions, is less complicated, and depends only on the intensity of human activity) as a model of thermal comfort. Therefore, the growing demands of the buiding thermal comfort and an integrated approach to the choice of energy-saving measures and to the entire building generally require the use of thermal comfort models that take into account the intensity of human activity, the type of clothing, air velocity in the room, and relative humidity. Depending on the purpose of research, scientists present various thermal comfort models that are based on energy [15] and exergy balances [16, 17] . The authors of [18] made a nonstationary analysis of the human body exergy balance on the basis of the stationary model for summer conditions. Analysis of the effect of thermal protection of the building envelope on exergy consumption of the human body [17] in different climatic conditions showed that exergy consumption decreases by 0.6 %, 6.4 %, 10.1 %, and 35.9 % for warm/humid, temperate, warm/dry and cold climate types, respectively, whereas thermal protection improves. The structures of energy and exergy balances of the human body in summer are reflected in [18] . It is found that the minimum human body exergy consumption corresponds to the human thermal sensation "slightly cool" [19] , provided that exergy counting starts from the room air temperature. Therefore, a promising method consists in an integrated approach to the system "heat source -human being -building envelope" since it provides a combination of comfort and energy efficiency of the building. An integrated approach requires an appropriate model to determine whether thermal comfort and energy performance of the system are provided at required levels. Meantime, exergy analysis is widely used under multivariant energy transformations.
The purpose and objectives of the study
The study is aimed at developing a comprehensive energy and exergy thermal comfort model for analysing the system "heat source -human being -building envelope". To achieve the goal we set the following tasks:
-to develop a thermal comfort model taking into account the peculiarities of its use as a component of the system "heat source -human being -building envelope"; -to use the thermal comfort model in determining the dependence of the human body exergy consumption on the room air temperature at different values of the mean radiant temperature in winter, as well as the minimum value of exergy consumption and the respective Predicted Mean Vote (PMV) of thermal sensation;
-to compare the dependence of the room air temperature on the mean radiant temperature for different models of thermal comfort.
Models of human thermal comfort
The basic model of evaluating the thermal sensation of a human being [3] that is embodied in European standards takes into account the intensity of human labor, the type of clothing, and air relative humidity. V. N. Bogoslovsky suggested a simpler correlation between the mean radiant temperature and room air temperature (corresponding to comfortable conditions in cold season) that depends on the intensity of human activity [4] . This model was used by the authors who determined the impact of favorable conditions in the building on heating characteristics and on the choice of heat sources and the thermal protection of buildings [13] .
The human body exergy balance model (examined in [16] [17] [18] [19] [20] [21] ) is based on the two-node human energy model [2] that takes into account the heat loss through respiration, moisture evaporation, convection, and radiation. Thermoregulation of the human body is maintained by the varying blood circulation velocity that results from the expansion and constriction of blood vessels.
The design and study of functioning conditions of the complex system "heat source -human being -building envelope" require application of a model with regard to factors that depend on human beings, their clothes, activities, and environment as well as ensure the desired level of comfort by means of the Predicted Mean Vote (PMV) index. This requires supplementing the system model described in [13] with an embedded mathematical model of human comfort; hereby, comfort assessment depends on the above factors, and the model is linked to the building energy balance with the heat gain, t a , and t r .
The models of human energy [22] and human body exergy balance [17] laid the basis for creating a mathematical model of a human being that allows specifying the structure of exergy balance, human body exergy consumption, its minimum value, and air temperature that corresponds to it. The value of comfortable room air temperature under the exergy approach allows comparing it with the energy approach as well as project a heat source and determine the system energy performance so as to ensure the minimum or specified human body exergy consumption. This model is stationary, with no regard to the energy and exergy accumulated in the human body core and skin. The admissibility of such assumptions in terms of the impact on the structure of energy balance is analysed in Section 4. 2.
1. Devising a model of human thermal comfort
Provided that the ambient temperature is constant, the energy balance of the human body that has skin-core morphology is represented by the following equations [21] :
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where S cr and S sk denote the energy stored in the core and skin, W/m 2 ; K min is an effective thermal conductivity between the human core and skin =5.28 W/m 2 K; T cr is the core temperature, K; T sk is the skin temperature, K; c bl is the specific heat of human blood =1.163 W·h/l·°C; V bl is blood flow to the skin, kg/s·m 2 . The magnitude DRY=(R+C) is known as dry heat transfer from the body surface and determined as follows:
where h is a combined heat transfer coefficient, W/m 2 ·°C; F cle is the clothing thermal efficiency factor; T a is room air temperature, K.
Heat losses through evaporation can be of three types: E res is the heat from liquid evaporation due to respiration; E sk is the heat from the skin surface evaporation; E diff is the heat from evaporation of the liquid that diffuses from the skin; E reg.sw is the heat from sweating while regulating the body temperature.
sk max 
where E max is the maximum possible evaporation from the skin surface, W/m 2 ; w is the skin wetness index; w reg.sw is skin wetness caused by regular sweating; 0.7 is the latent heat of sweat, W·h/g; m reg.sw is a measure of the regular sweat cover on the skin, g/h·m 2 .
where k is the Lewis number =2.2 °C/mm Hg; p sk is the saturated vapour pressure for the temperature T sk , mm Hg; F pcl is the vapour permeation efficiency factor that depends on the convective heat transfer and the clothing thermal insulation. Thermoregulation system, namely temperature signals from the skin and the core, is described by means of the following equations: 
Equations (1)-(12) of the specified ambient parameters are used to calculate T cr , T sk , and E sk . These indices allow calculating the human body exergy consumption on the basis of exergy balance.
The human body exergy balance is found as follows [14] 
where Ex m is the heat exergy determined by the metabolic rate; Ex gen.cr is the exergy of liquid generated in the core due to metabolic processes; Ex gen.sk is the exergy of liquid generated in the skin due to metabolic processes; Ex inh.air is the exergy of humid air that a person inhales; Ex abs.sk-cl is the exergy of radiation absorbed by human skin and clothing; Ex rad.dc is the exergy of radiation discharged from the body surface; Ex conv is the exergy transmitted to air by convection; Ex exh,air is the exergy of humid air that a person exhales; Ex sw,ha is the exergy of vapour that results from sweating; Ex stored.cr is the exergy stored in the core; Ex stored. sk is the exergy stored in the skin; Ex cons is the exergy consumed by the human body. Empirical equations (1)- (13) laid the basis for mathematical modelling of the human being in Mathcad. This model allows determining the minimum human body exergy consumption, the air temperature that corresponds to it, and the Predicted Mean Vote (PMV) index of the human being in accordance with the International Standard EN ISO 7730. The research model input parameters are shown in Table 1 . They are needed to compare the structures of the human body exergy balance in winter and in summer. The model efficiency is assessed by comparing the calculated values of the human body exergy balance with the results of [16] . Fig. 1 , a presents the share of incoming exergy flows, and Fig. 1 , b -outgoing flows described in [16] under the following conditions: t a =t r =24 °C, t 0 =28 °C, relative humidity =40 %, human activity =58 W/m 2 , the thermal resistance of clothing =0.124 m 2 °C/W (corresponding to 0.8 clo), and air velocity =0.15 m/s. Obviously, the accumulation of exergy in the core and the skin is small -0.006 and 0.009 %, respectively, thus, it is waived in the calculations. Fig. 2 , a, b present shares of incoming and outgoing exergy flows for the designed stationary model of a human being without taking into account exergy and energy accumulation in the core and the skin in conditions similar to those of [16] . The balance of incoming flows obtained with the help of the devised model is similar to the example presented by the author of [16] , Fig. 1 . The balance of the incoming exergy flows is different: for instance, exergy consumed by the human body and exergy of the exhaled air differ by 4 % from model [16] . The error of results is on average 4 %. So this model should be applied in future research. Table 1 : t a =t r =20 °C, t 0 =0 °C, relative humidity =40 %, human activity =58 W/m 2 , the thermal resistance of clothing =0.155 m 2 °C/W (corresponding to 1 clo), and air velocity =0.15 m/s. The structures of outgoing exergy flows change with varying environmental conditions and parameters of the room microclimate. If in summer the bulk of the outgoing exergy flow corresponds to the human body exergy consumption -86 %, in winter it is the exergy of radiation -53 %, whereas the human body exergy consumption makes up only 16 %, which is explained by a more significant difference between the skin surface temperature and the ambient temperature. The room temperature considered in the study is 24 and 20 °C for summer and winter conditions, respectively, and an increase in the absolute value of the convection and radiation heat transfer in the balance results in a reduced share of the human body exergy consumption. а b Fig. 3 . The structure of the human body exergy balance in cold season: a -the incoming exergy flow; b -the outgoing exergy flow Fig. 4, 5 show the dependence of exergy consumption on the mean radiant temperature and room air temperature for the system specifications presented in Table 1 . The humn body exergy consumption varies according to the microclimate in the room and parameters of a person. Fig. 4 shows how changes in the human body exergy consumption depend on the room temperature. Different diagrams correspond to different values of the mean radiant temperature in the room, whereas other parameters remain unchanged. When t a is low, exergy consumption increases due to shivering of the human body, and if the room temperature increases, E cons reaches its minimum and increases due to cooling of the skin surface, which results from moisture evaporation.
2. The modelling results
In graph 4, the values of PMV and PPD are calculated for the points that correspond to the minimum exergy consumption. PPD is the Predicted Percentage of Dissatisfied with the environment, the main parameters of the human thermal sensation meet the International Standard EN ISO 7730. The PMV value is between -0.34 and -0.42. In [16] , the minimum exergy consumption corresponds to PMV=-0.611 (although the ambient temperature was considered as equal to the room temperature). Fig. 5 shows a surface that reflects the dependence of the human body exergy consumption on t a and t r if t a varies in the range of 15-30 °C and t r -15-30 °C.
The compared dependences t a (t r ) of different thermal comfort models are shown in Fig. 6 .
When t r values vary, the difference of comfortable indoor air temperature under the exergy approach and at PMV=0 lies in the range of 0.8-1.4 °C. In order to compare the results of various thermal comfort models, we calculated the standard deviation of the comfortable room air temperature compared to a comfortable temperature at which the predicted human thermal sensation would correspond to PMV=0 (the thermal sensation is "comfortable"). The energy model of the human body with PMV=0 is chosen as the basic one since it is the most common and is the basis of the International Standard EN ISO 7730. The highest standard deviations of the comfortable air temperature are typical of the model with PMV=1 and -1 and make up 7.3 and 7.2 °C, respectively. The standard deviations for Bogoslovsky's model are 5.1 and 5.7 °C, respectively; for the model with PMV=-0.5 and 0.5-3.7 and 3.8 °C, respectively. The lowest value of the standard deviation corresponds to the exergy model of thermal comfort and is equal to 1.4 °C.
Discussion of the results and comparison of various human comfort models
In summer, convective and radiative heat transfer from the human body surface is low compared to other components, which results from the small difference between the skin temperature and room air temperature. Thereby, the share of the human body exergy consumption grows in the total balance in comparison with winter conditions.
From a scientific point of view, the minimum exergy consumption is more reasonable than the PMV index of the human thermal sensation calculated according to EN ISO 7730. The studies have shown that the minimum exergy consumption corresponds to PMV between -0.34 and -0.42 (the thermal sensation is "slightly cool") if the ambient temperature is 0 °C, which corresponds to winter conditions (other researchers performed simulations based on the assumption that the room air temperature is equal to the ambient temperature). If t o =t a =20 °C, the minimum exergy consumption corresponds to PMV=-0.611 [17] . The conditions of study and comparison of different comfort models fit the parameters given in Table 1 (winter). Bogoslovsky's model is the simplest one and is represented by an appropriate range of t a (t r ). It is recommended for the rooms with heating systems that considerably increase the radiant temperature. Fig. 6 shows that if the mean ra- Fig. 4 . The graphs of dependence of the human body exergy consumption E cons on the room temperature t a for various values of the mean radiant temperature t r : -for t r =15 ºC; -for t r =20 ºC; -for t r =28 ºC;
• -the minimum exergy consumption Fig. 5 . The surface of the human body exergy consumption E cons that depends on the room air temperature t a and the mean radiant temperature t r Fig. 6 . The graphs of dependence of the mean radiant air temperature t r on the room air temperature t a for various models of thermal comfort: -the minimum exergy consumption; -PMV=0; -PMV=0.5; -PMV=-0.5; -PMV=1; -PMV=-1; , -a range of comfortable conditions by Bogoslovsky [15] diant temperature =27 °C, the upper limit of comfortable temperature range corresponds to PMV that is close to neutral conditions, and the botoom limit of PMV=-1 (the thermal sensation is "cold"). If the accepted mean radiant temperature =18 °C, the upper limit of comfortable temperature corresponds to PMV=1, and the bottom one is close to comfortable conditions. Thus, if the mean radiant temperature is high, it is recommended to select the highest value of temperature range in Bogoslovsky's model, and if it is low -the lowest. However, if modern computer technologies are used in the design and study of the complex system "heat source -human being -building envelope", Fanger's model should be applied because it allows taking into account factors that depend on the human and the environment, as well as ensuring the desired level of comfort by means of the Predicted Mean Vote index. The difference between the designed model and model [3] is that the Predicted Mean Vote index of human thermal sensation is based on an empirical model, and the basis for determining the minimum exergy consumption is an approach based on the second law of thermodynamics that consists in minimizing exergy destruction.
Comparison of the standard deviation of comfortable temperature from the base for various models of human thermal comfort has shown that the lowest value of the standard deviation corresponds to the exergy model of thermal comfort and equals to 1.4 °C. So we can assume that providing comfort under the exergy approach allows lowering the room air temperature on average by 1.4 °C and, thus, saving energy.
Conclusions
1. The stationary model of human thermal comfort is designed with account of the peculiaritis of its use as part of the system "heat source -human being -builing envelope" on the basis of the energy and exergy approaches. This model takes into account signals from the skin and the core, and exergy is calculated on the basis of the ambient temperature, which ensures correct integration of the human exergy flows when the entire system is considered.
2. The designed model allowed calculating the minimum human body exergy consumption and the appropriate room air temperature at different values of the mean radiant temperature and the outside air temperature equal to 273 K. It is found that the Predicted Mean Vote (PMV) index of human thermal sensation under these conditions and at the minimum human body exergy consumption is between -0.34 and -0.42.
3. We have compared the dependence of comfortable air temperature on the mean radiant temperature for different models of thermal comfort. These parameters are important in the comprehensive analysis and design of the system "heat source -human being -building envelope". The comfortable indoor air temperature is the initial value in the design and exploitation of a heat source, whereas the mean radiant temperature allows taking into account the effect of building envelopes. We have calculated the standard deviation S from the comfortable room air temperature at different values of the mean radiant temperature in comparison with the model where PMV=0. In Bogoslovsky's model, S=5.1 °C and 5.7 °C; this model allows taking into account the intensity of human activity, so it is recommended when this factor is most important. In the designed model, S is the lowest and equals to 1.4 °C; therefore, using this approach can reduce the room air temperature by 1.4 °C. The application of the designed model of comfortable room conditions is scientifically justified on the basis of the second law of thermodynamics and can reduce energy consumption due to decreasing the room air temperature.
